Introduction
The hard magnetic properties of rare earth (RE)-Fe-B amorphous ribbons with low RE contents are largely improved by the crystallization of amorphous phase at temperatures from 600 to 800
• C. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The alloys showing such hard magnetic properties are composed of large amounts of soft magnetic particles such as Fe 3 B, RE 2 Fe 23 B 3 and α-Fe and small amounts of hard magnetic RE 2 Fe 14 B particles exhibiting large magnetocrystalline anisotropy. 9, 11, 12) The magnetic properties of these alloys depend on the phases precipitated, the grain size, the distribution and the interphase boundary structures between hard and soft magnetic particles. [13] [14] [15] [16] In the previous study on a Pr 4.5 Fe 77 B 18.5 amorphous ribbon, 17) it has been confirmed that the precipitation sequence during isothermal annealing is; amorphous (Am) → Fe 3 17) The phases in the brackets shows those formed at the prior stage of annealing. The magnetic properties of these nanocomposites vary sensitively with the structural change during isothermal annealing. Although the effects of fine structures on the magnetic properties have been studied extensively, the phases formed in the intermediate and the final stages of annealing have not been fully understood. The ambiguities in the determination of phases arise from the facts that various phases with similar crystal structures precipitate in the annealing processes and that the previous studies have been mostly focused on the initial stage of annealing.
In the present study, therefore, the phases formed in various decomposition stages and the effects of them on the magnetic properties have been investigated by using a high-resolution electron microscopy (HRTEM).
Experimental Procedures
The Pr 4.5 -Fe 77 -B 18.5 amorphous ribbons were prepared by means of melt-spinning technique under argon atmosphere on a copper wheel rotating at 20 ms −1 . The amorphous ribbons with 30 to 50 µm thick and about 1 mm wide were obtained. The ribbons for vibrating sample magnetometer (VSM), Xray diffraction (XRD) and HRTEM observations were encapsulated in evacuated quartz tubes prior to the isothermal heat treatments in order to prevent oxidization, and were annealed in a lead bath kept isothermally at temperatures between 650 and 760
• C. The specimens were then quenched into water without breaking the capsules to suppress further reactions.
The identification of phases was carried out by XRD using a Cu-Kα 1 radiation, the selected area electron diffraction patterns obtained by TEM and the Fourier transformed patterns (FTPs) of HRTEM images. The magnetic properties of ribbons were examined at room temperature by VSM with magnetic fields up to 1.2 T. The saturation of the magnetization below 1.2 T in this alloy was confirmed by applying the magnetic field of 1.8 T. The magnetic properties were presented without demagnetization field correction. Thin foils for TEM were prepared by a conventional twinjet polishing method in the electrolyte consisting of 15% perchloric acid and 85% ethanol at −50
• C and were examined in a JEOL 3010 HRTEM operating at 300 kV.
Results

Magnetic Properties
The variations of magnetic properties with annealing time at temperatures between 650 and 760
• C are shown in Fig. 1 . The effect of annealing condition on coercive force (H c ) is shown in Fig. 1(a) . Annealing at 650
• C induced sharp in- crease of H c at 10 min and decreased gradually after reaching the peak value. The variation of H c values with annealing time at temperatures above 700
• C was quite different from that at 650
• C, i.e., H c increased to the first peak, decreased suddenly, increased again to the second peak and decreased gradually with annealing time. With raising annealing temperature, the first and the second peaks in H c curves were clearly separated and were shifted to shorter time.
The saturation magnetizations (M s ) of all the annealed ribbons were smaller than that of the melt-quenched amorphous ribbon and varied in a complicated manner with annealing time as in the case of H c ( Fig. 1(b) ). The M s varied roughly in the opposite direction to that of H c . With increasing annealing time, the M s decreased sharply to the first minimum corresponding to the first H c peak, increased to the first maximum peak with the decrease of H c and decreased again to the second minimum at the second H c peak. The remanence magnetization (M r ) varied almost in the same manner as H c , and the maximum value of M r = 0.9 T was obtained by annealing at 650
• C for 10 min (Fig. 1(c) ). As shown in Fig.  1(d) , the M r /M s ratios were varied sensitively with annealing time. Since the exchange-coupling interaction between hard and soft magnetic particles can be expected in the case of M r /M s > 0.5, the exchange-coupling interaction may be small in the initial and the over-aged stages of annealing especially at 750
• C, and also in the ribbons annealed for the time between the first and the second H c peaks.
Reaction processes
Since the X-ray results at various temperatures were shown in the previous study, 17) only those for the ribbons annealed at 750
• C are illustrated in Fig. 2 (Figs. 2(c) and (d) ). Figure 3 shows the HRTEM image at the early stage of crystallization at 650
Nanostructures
• C for 1 min. In this figure, (b) to (d) are the FTPs for the particles marked "b", "c" and "d" within (a), and (e) to (g) are the schematic illustrations for (b) to (d), respectively. Three fine particles with about 20 nm diameter were observed and were inter-linked with neighboring particles. The three particles "b", "c" and "d" were confirmed to be soft magnetic Fe 3 B, Pr 2 Fe 23 B 3 , and Fe 3 B particles, respectively, and the interfaces between them were almost continuous. 17) In the FTP shown in Fig. 3(c) , the reflections from a Pr 2 Fe 23 B 3 particle were shown by white squares to discriminate them from the reflections due to the particles in the vicinity of the Pr 2 Fe 23 B 3 .
The HRTEM image for the ribbon annealed at 650
• C for 5 min where H c begins to increase is shown in Fig. 4 magnetic Pr 2 Fe 14 B particle "b" nucleated contact with a Fe 3 B particle "c". Another Pr 2 Fe 14 B particle "d" formed near the Pr 2 Fe 23 B 3 particle "e". The interphase boundaries among the particles were continuous as far as two-dimensional observation. 17) With increasing annealing time, the amounts of both Pr 2 Fe 14 B and Fe 3 B particles increased as shown in Fig. 5 and the particles were coalesced by further annealing.
Typical TEM and HRTEM micrographs for the ribbon annealed at 750
• C for 10 min are shown in Fig. 6 . The heat treatment was carried out in the condition where the second H c peak was observed in Fig. 1 . The ribbon is consisted of relatively coarse grains with diameter ranging from 30 to 60 nm involving large amounts of extremely fine particles less than 5 nm. The grains involving the fine particles were confirmed as Pr 2 Fe 14 B and the fine particles distributed within them were identified as α-Fe by the analysis of the FTPs shown in Figs. 6(c) to (f). The fine α-Fe particles distributed homogeneously within a Pr 2 Fe 14 B particle as if they were formed by a eutectoid decomposition from Pr 2 Fe 23 B 3 . These α-Fe particles grew by further annealing. Figure 7 shows the micrographs for the ribbon annealed at 700
• C for 30 min, corresponding to almost the final stage of annealing. A large particle, marked "c", was enclosed by the particle "d" as shown in Fig. 7(a) . The HRTEM images for the particles "c" and "d" are presented in Fig. 7(b) . The particles marked "c" and "d" in Fig. 7(b) 17) The variation of magnetic properties of the ribbon will be discussed in relation to this microstructural change. Figure 8 is a schematic illustration for the variations of H c and M s with isothermal annealing time. In the range from A to B, the magnetic properties of ribbons annealed at 650
• C to 1 min are almost the same as those of the melt-quenched amorphous ribbon as can be seen in Fig. 1 . The ribbon at this stage of annealing, however, is consisted of soft magnetic particles such as The existence of the exchange-coupling interaction between hard magnetic Pr 2 Fe 14 B and soft magnetic Fe 3 B (or Pr 2 Fe 23 B 3 ) particles can be recognized from the high M r /M s ratios > 0.5 as shown in Fig. 1(d) . It should be noted that M s decreases drastically with the formation of the Pr 2 Fe 14 B particles. In the range from C to D, H c decreases abruptly but M s increases. At this stage of annealing, the crystallized Fe 3 B, Pr 2 Fe 23 B 3 and Pr 2 Fe 14 B particles grow and coalesce. Thus the exchange-coupling interaction inducing high H c is reduced. The M s , however, increases due to the increase of soft magnetic particles as shown in Fig. 1(d) . The fact that the precipitation of α-Fe particles increases the H c value is consistent with those reported by Inoue et al. 15, 16) important role in obtaining the good magnetic properties. 15, 16) Although 
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